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Various in v estig a to rs have determined the r a tio  o f  the d en sity  o f
by measuring the moment o f  in e r t ia  o f  disk type o s c il la to r s  ro ta tin g  in  
liq u id  Helium. In  the present experiment an o s c i l la to r  made from a r o l l  
o f  Dacron gauze was found to  be more e f f ic ie n t  for the determination o f
la to r  did not agree w ith the p reviou sly  reported values obtained using  
disk  type o s c i l la to r s .  These discrepancies were too large to  be 
accounted for w ith  the usual penetration depth and v iscous lo s s  type 
correction s.
The concept o f  e f fe c t iv e  mass as postu lated  by G* 0 . Stokes for  
the motion o f  symmetrical bodies through incom pressible, ir r o ta tio n a l, 
non-visecus f lu id s  was applied to  the fib e rs  o f  the gauze o s c il la to r  
moving through the superflu id  component o f  liq u id  Helium I I .  The con­
tr ib u tion  o f  th is  e f fe c t iv e  mass to  the in e r t ia , i . e .  e f fe c t iv e  in e r t ia ,  
was obtained by normalizing the equation for  f m / p  which contained 
e f fe c t iv e  in e r t ia  to  the values o f  P m / p  obtained from second sound 
data a t low temperatures (l.3£*K ). Subsequent values o f  p m / p  obtained  
using the e f fe c t iv e  in e r t ia  correction  factor  were in  good agreement 
with r e c e n tly  reported values in  the same temperature range.
A column o s c i l la to r  was used to  v e r ify  the concept o f  e f fe c t iv e  
in e r t ia .  I t  was found th at the contribution by the su p er-flu id  com­
ponent o f  Helium I I  to  the e ffe c t iv e  in e r t ia  agreed w ith  the values 
predicted  by c la s s ic a l  hydrodynamical consid eration s. There e x is t s  a
the normal component to the t o t a l  d en sity  o f  liq u id  Helium II
However, the values o f  obtained w ith the gauze o s c i l—
v i
deviation  however* between the observed and predicted values o f  e ffe c t iv e  
in e r t ia  due to  the normal component o f  Helium II*
v i i
I* INTRODUCTION
The properties and. behavior o f liq u id  helium have been the object 
o f  much experimental and th eo re tica l research in  the f ie ld  o f  low tem­
perature physics* One o f the reasons for th is  in te re st i s  the existence  
o f a two phase system and a phase tra n sitio n  in  liq u id  helium. The 
f i r s t  experimental evidence o f th is  phase tra n sitio n  was found by 
Kamerlingh-Onnes1 in  1911. Then in  1927 W. H, Keesom and h is  co -  
workers2*3 v e r if ie d  the existence o f the two phases and found that the  
phase tra n sitio n  occurred a t 2.18°K. They designated the phase ex is tin g  
below 2.18°K as Helium I I  and the phase ex is tin g  between 2.18°K and the 
b oilin g  poin t (U*2°K) as Helium I* Of the two phases, Helium II  has 
proved to be the more in terestin g  because o f  i t s  unusual properties.
The f i r s t  experiments to determine the v is c o s ity  of Helium II  by 
flow methods were done by A llen  and Misener,4 and by Kapitza.5 Anomalous 
resu lts  were obtained however, and i t  was shown that the f lu id  did not
flow lik e  an ordinary liq u id  through narrow channels but appeared to  be
non—viscous. Other experiments to  determine the v is c o s ity  o f Helium II
"hi. Kamerlingh-Onnes, Proc* Acad. S c i .  Amsterdam 13, 1093 (1911).
2W. H* Keesom and H. Wolfke, Leiden. Comm. 190b. (1927).
a
¥* H. Keesom and M. Wolfke, Proc. Acad. S c i .  Amsterdam 31, 81
(1928).
*J . F . A llen  and A. D. Misener, Nature l l i l ,  75 (1939).
5P. L . Kapitza, Nature llCU 7U (1938).
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were designated by Wilhelm, Misner and Clark® and by Keesom and McWood.7 
These researchers tr ied  to measure the v is c o s ity  by allowing a disk to 
o s c i l la t e  in  the liq u id . However th e ir  r esu lts  did not agree with those 
determined by the flow methods*
Tisza8* 9 , l0 j 11 in  an attempt to explain these contradictory values 
for the v is c o s ity  obtained by the two d ifferen t methods, postulated that  
part o f the atoms o f  Helium II  taking part in  the flow method had "super- 
f lu id ” p rop erties. To account for the experimental resu lts  he considered 
liq u id  Helium II  as con sistin g  o f  two interpenetrating f lu id s ,  each 
possessing i t s  own in e r t ia  and v e lo c ity . The amount o f  each f lu id  e x is t ­
ing  at any one temperature was represented by an in ternal parameter, x , 
which would vary from 0 to  1 in  the temperature range from 0°K to 2 ,1 8 “K. 
Thus one fra c tio n , represented by p x ,  behaves l ik e  a normal f lu id , 
possessing the properties o f v is c o s ity  and the a b i l i ty  to  exchange mo­
mentum, to  be scattered  by heat waves and to  adhere to the w alls o f  the 
container. The other fraction , represented by 1—p x ,  has zero v is c o s ity ,  
zero temperature, zero entropy and i s  ca lled  the su per-flu id  component. 
This two f lu id  model has indeed provided a sa tis fa c to ry  explanation for  
many o f  the unusual properties o f  Helium I I .
®J. 0 .  Wilhelm, A. D, Misener, and A. R. Clark, Eroc. Roy. Soc. 
(London) A lg l, 3h2 (1935).
7ff* H. Keesom and G. MacWood, Fhysica j£, 737 (1938).
®L. Tisza, Nature l l i l ,  913 (1938).
®L. T isza, Corapt. rend. (P aris) 207. 1035 (1938).
“ I b id .,  p .1186.
iaL* T isza, J .  phys. radium 1 , 165, 350 (19li0).
The th eo re tica l background o f  the two f lu id  model has been b u i lt
1 & -  24
up by two e n t ir e ly  d iffe re n t approaches. London 3 3 has described
the separation in to  two f lu id  components as a Bose-ELnstein conden­
sa tio n . Landau16 however, considered helium as background f lu id  in  which 
ex c ita tio n s move. As a r e su lt  o f  h is  study o f  quantum hydrodynamics, he 
proposed th at the ex c ita tio n s be o f  two k inds. Those w ith the low est 
energy he ca lled  phonons or quantized sound waves, whose energy E, i s  
equal to  pc, where p i s  th e ir  momentum and c i s  the v e lo c ity  o f  sound.
The ex c ita tio n s o f  higher energy, separated from the phonons by an energy 
gap A ,  were designated rotons or quantized v o r t ic e s . These ex c ita tio n s  
can move about, exchange momentum, possess the properties o f  a viscous  
f lu id , and in  general behave l ik e  a normal f lu id .  The background f lu id  
has the properties o f  the fam iliar super-flu id* But in  e ith er  approach, 
i . e .  the Bose-E instein s t a t i s t i c a l  method or the quantum hydrodynamics 
method, Helium II  possesses the properties o f  two d is t in c t  f lu id s , one 
a su p er-flu id  and the other a normal f lu id .
To experim entally v e r ify  the various aspects o f  the two f lu id  
model various experiments were designed to measure the resp ective den­
s i t i e s  o f  the normal and super—flu id  components o f  Helium II*  The f i r s t  
r e su lts  were obtained by A ndronikashvilli16 who measured the r a tio  of
■^F. London, Mature 111, 6k3 (1938).
13F , London, Phys. Hev. £)£, 9hl (1938).
14F . London, J . Phys* Chem. b9 (1939).
15L* Landau, J . Phys. U .S .S .R . % 71 ( l9 lj l ) .
leE . L . A ndronikashvilli,  J . Phys. U .S .3 .R . 10, 201 (19U6).
h
f o / p  (normal f lu id  d e n s ity /to ta l f lu id  d ensity) by determining the  
moment o f  in e r t ia  o f  a stack o f c lo s e ly  spaced aluminum d isks o s c i l la t in g  
in  liq u id  Helium I I .  The sig n ifica n ce  o f  the experiment was in  the
17design o f  the o s c i l la to r .  I f  Landau's th e o r e tic a l considerations were 
correct then i t  should be p o ssib le  to  construct a v e sse l so that the 
moment o f in e r t ia  o f  the v e s s e l ,  containing Helium I I ,  would vary from a 
maxi mum value a t the A -p o in t (2.18°K, the temperature o f the phase 
tra n sitio n ) to  a minimum value a t 0°K. The moment o f  in e r t ia  would be 
th at o f  the v e sse l plus th at due to  the normal component o f  Helium II  
which would move w ith the v e s s e l .  The o s c i l la t in g  v e sse l con sisted  o f  
a p i le  o f one hundred disks o f  th in  aluminum f o i l  separated by spacers. 
The thickness o f these spacers was o f  the order o f  two times the penetra­
t io n  depth, P (where the penetration  depth i s  u su a lly  defined as that  
distance from a surface a t which the shearing force  due to  the viscous 
coupling has been reduced to  l / e  o f the value a t the su rface). P may be 
represented by
P -  “f ,  ( I .  1)
where ^  i s  the v is c o s ity  o f  the liq u id , i s  the frequency o f  the 
o s c i l la t io n s  and p  i s  the d en sity  o f the l iq u id . For a frequency o f  
2 ft~ sec  ,  P i s  0 .1  mm., hence the spacers were o f  the order o f  0 .2  mm.
The su p er-flu id  component was assumed to  have no e f f e c t  on the  
ro ta tio n  o f  the d isk s . The viscous component, due to  the spacing o f  the  
d isk s, would r id e  w ith the ro ta tin g  d isk s, hence e f f e c t iv e ly  increasing  
th e ir  mass. This increase in  mass would subsequently increase the moment
17Landau, o£ . c i t . ,  £ ,7 1 *
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the v e lo c ity  o f  second sound by Peshkov,23,24 Band and Meyer25 and de 
Klerk, Hudson and F ellam .26 The values o f ^  obtained by th e ir  c a l­
cu la tion s p lo tte d  versus temperature a lso  showed th at i f  the above equa­
t io n  i s  to  hold then must indeed to a variab le* They found that 
has a value o f  k fox* °K < 0 .6 , approximately 13 in  the range 0.6°K to 0.8°K  
and approximately 5*3 in  the range 0.8°K to  2.2°K .
In the temperature range o f  0°K to 1°K the values o f ca l­
cu lated  from second sound measurements are considered more r e lia b le  than 
values measured by other means because good values can be obtained for  the 
parameters S and C, where S i s  the entropy and C i s  the sp e c if ic  heat in  
the second sound equation,
« x ( l  -  x) S2 T/C. ( 1 * 3 )
2 /
Here UTT i s  the v e lo c ity  squared o f  second sound and x i s  * At
higher temperatures the values o f  S and C are knows to an accuracy o f  on ly
10$ . Therefore the data obtained in  the upper temperature range are
q u estion ab le . However s in ce  at 1.5>°K only about 10$ o f the t o t a l  d en sity
i s  y^ an d  t h is  decreases rap id ly  as the temperature i s  lowered, the
experim ental errors involved  in  measurements w ith previous d isk  systems
become q u ite  la r g e . This leaves a temperature range (roughly from 1°K to
lo5°K) where the experim ental values o f  /JD are not very w e ll known.
Thus i t  would seem th a t i f  more work on th is  temperature range could lead
83V. P . Peshkov, J .  Phys. a .S .S .R . 10, 38? (191*6).
O4A _ ,
V. P . Peshkov, J .  E xp tl. and Theoret. Phys. U .S.S.R . 18 , 9$1
(191*8) .
25W. Band and L. Mieyer, Phys. Rev. 386 (19U8).
26D* de Klerk, R. P . Hudson, and J .  Pellam, Phys. Rev. 89, 662
(1953).
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to  b etter  values o f  i t  would be qu ite s ig n ifica n t*  Since i t  i s
th e o r e t ic a lly  p ossib le  to  obtain these values by d irect measurement 
methods, the main problem becomes the design o f a more e f f ic ie n t  o s c i l ­
la to r , where e f f ic ie n c y  refers to  the change in  the period o f the o s c i l ­
la to r  due to  i t s  change in  in e r t ia .  From the simple equation o f  a 
to rsio n a l o s c i l la to r ,
where 0 O i s  the period and IQ i s  the moment o f in e r t ia  o f  the o s c i l ­
la to r  in  vacuum, i t  i s  seen th at
From th is  equation i t  fo llow s th a t I 0 should be made as sm all as p o ss ib le , 
the lower l im it  depending on the p r a c tic a b ility  o f lim it in g  the angular 
v e lo c ity  o f  the o s c i l la to r  to  le s s  than the c r i t ic a l  v e lo c ity . (Above 
th is  v e lo c ity  normal f lu id  i s  generated.)
To make I 0 small, n e c ess ita te s  the construction o f a l ig h t  weight 
framework whose members are r ig id  enough to  maintain th e ir  r e la t iv e  
dimensions and are durable enough to ro ta te  about an axis o f  symmetry as 
a r ig id  body. One p o s s ib i l i t y  would be a three dimensional mesh with  
spacings le s s  than two times the penetration depth. The m aterial o f  the 
mesh must o f  course have a d en sity  greater than the displaced f lu id  (or 
the system could be weighted down) to  prevent the o s c i l la to r  from flo a tin g  
in  the l iq u id  helium.
As an approximation o f  th is  id e a liz ed  o s c i lla to r  the author, e t  a l ,  
used a s tr ip  o f  Dacron gauze r o lle d  secu re ly  onto a Lucite sp in d le . This 
o s c i l la to r  d if fe r s  from the id e a l in  th a t the ra d ia l spacing o f the fib ers  
are much c lo ser  than two tim es the penetration  depth. This n ecessita ted
( I .  k)
A 0 -  (A$/2 d 0)x/\ ( I .  $)
t
o f  in e r t ia  o f  the v e sse l*  This in crease  in  moment o f in e r t ia  would then  
cause the period o f  the o s c i l la to r  to  increase* Therefore, by measuring 
the va r ia tio n  in  the period o f  o s c i l la t io n  w ith change in  tenderature, 
A ndronikashvilli was able to  c a lcu la te  the v a r ia tio n  o f  the to ta l  moment 
o f  in e r t ia  o f  the o s c i l la to r  and thereby obtain the r e la t iv e  amount o f  
the v isco u s, or normal component presen t a t any temperature*
More r e c e n tly  H o llis—M allett18*19 refin ed  and repeated the disk  
type o s c i l la to r  experiment* He re-so lv ed  and corrected the Navier-Stokes 
equation as app lied  to  the motion o f  a v iscous f lu id  in  the neighborhood 
o f  an o s c i l la t in g  d isk . The r e su lts  o f  t h is  experiment agreed w ith  those  
o f  A n dronikashvilli, w ith p a r tic u la r ly  good agreement in  the region  near 
the A -point* As a r e su lt  o f  these  experiments i t  i s  now b elieved  that  
the equation fo r  the var ia tion  o f  p> w ith  temperature,
pNlp - ( T / T a  )*", ( 1 . 2 )
cannot have a unique value for  <T over the temperature range from 0°K to  
the A  -p o in t as predicted  by London30*21 and T isza22 who suggested a 
s in g le  value o f  <o equal to 5*£*
Values o f  D ^ J p  have a lso  been ca lcu la ted  by the measurement o f
19A. C* H o llis -H a lle t t , Proc. Roy, Soc* (London) A210, l±Olt (19£2 ).
aoF* London, Revs* Modern Phys* 1£ , 310 (l9l|f>)«
21F* London, Report o f  In tern ation a l Conference o f  P hysical
S o c ie ty  (London) 2 , 1 (19I46) •
aaL* T isza , Phys. Rev. 72 , 838 ( l9 lt f ) .
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more layers o f  gauze per u n it volume o f o sc illa to r*  thus decreasing the
23*0C# where th at found by Andronikashvilli®7 was 18.£0$ and th at o f  
H o llis-H a lle t28*29 was 13*36$, while th a t found by Dash and Taylor30 was 
12*20$.
Using th is  o s c i l la to r  measurements have been made in  the temper­
ature range from l*li°K to 2.18°K. The values o f  p # / p  ca lcu lated  from
these measurements were much larger than the values reported from the d isk  
type o s c i l la to r s .  Correction factors for the change in  the penetration  
depth w ith change in  temperature were unable to  reduce the observed values
o s c i l la t o r s .  These discrepancies led  to the proposal by J . M. Reynolds31 
th at the gauze o s c i l la to r  should have added to  i t s  moment o f  in e r t ia  an 
e ffe c t iv e  moment o f  in e r t ia  due to  the acce lera tion  o f  the ind ividual 
f ib e r s  o f  the o s c i l la to r  in  Helium I I .
The geom etrical d ifferen ces between the d isk  and gauze systems are 
such th at the so lu tion s o f  the hydrodynamical equations necessary to  
describe the resp ective  o s c i l la to r s  y ie ld  add ition al and s ig n if ic a n t
^A ndronikashvilli* op. c i t . ,  10, 201
28H o llis -H a lle tt , Proc. Phys. Soc. A63, 1367*
3aH o llis -K a lle t t , Proc* Roy. Soc* A210, itOU*
30J* G. Dash and R. Dean Taylor* Phys. Rev. 105, 7 (1957)*
3 1P rivate communication.
r a tio However, the percentage e ff ic ie n c y , A 9 / &a * was
to  p rev iou sly  reported values • This was p a r ticu la r ly  true a t  
low temperature ( l . l i aK) where the values o f  p N / p  obtained were 100$
ca lcu lated  from the data o f d isk  type
9
in form ation . The equation o f  motion fo r  both o s c i l la t in g  systems can be 
rep resented  by th e  d if f e r e n t ia l  equation,
I  r  + L f  + K V ■ 0 ( 1 , 6 )
which has a so lu t io n ,
( 1 . 7 )
V i s  th e  angular displacem ent from the r e s t  p o s it io n  and cfj i s  the  
angular displacem ent o f  the system  a t  tim e, t  * 0 ,  f t  + Loo 9 where
A  i s  th e  logarithm ic decrement and ■ 2 fT /e  ,  L f  i s  the damping
couple on the system due to  the v iscou s fo rces o f  the f lu id  and the  
in h eren t damping in  the suspension system . In  order to evaluate the term  
L Y’ in  the above equation i t  i s  n ecessary  to  so lv e  the N avier-Stokes 
equation ( l )  to  obtain  the v e lo c i t y  d is tr ib u t io n  w ith in  the f lu id ,  (2 ) to  
c a lc u la te  from  th e  v e lo c ity  gradient a t  the su rfaces o f  the o s c i l la to r  the  
damping couple due to  the v i s c o s i t y  o f  the f lu id ,  and (3 ) to  deduce equa­
t io n s  from which th e  v is c o s i t y  and d e n s ity  o f  the f lu id  may be determined 
from the observed logarithm ic decrement and period  o f  the o s c i l la t io n s .
The so lu tio n  o f  the N avier-Stokes equation fo r  the two o s c i l la t o r s  should  
lead  to  e s s e n t ia l ly  the same r e s u lt s  because a l l  o f  the normal f lu id  be­
tween th e  d isks or between th e  f ib e r s  w i l l  be carried  w ith  i t s  re sp ec tiv e  
o s c i l l a t o r .
For th e  d isk  system  H o ll is -H a lle t t32 *33 and Dash and Taylor34 have
3SH o ll is -H a lle t t ,  Proc, Phys. S oc . A63, 1367.
^ H o l l i s -H a l le t t ,  Proc* Hoy* Soc* A210* UOiw 
and T&̂ Lop  ̂ cjL̂ * j lo g ,  7 .
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so lved  th e  N avier-Stokes equation to  obta in  th e  above inform ation* The 
so lu tio n s  were p o ss ib le  because the d isk  system  could be represented in  
the fa m ilia r  c y lin d r ic a l coordinate system* In  the gauze system however, 
the N avier-Stokes equation would have to  be w r itten  in  a coordinate sy s ­
tem or systems in  which the in d iv id u a l f ib e r s  o f  the gauze could be 
represented* Such a so lu tio n  has not been attempted by the author, but 
the system  could presumably be represented  by the union o f  three separate  
system s$ ( l )  con cen tric  annular r in gs ev en ly  spaced in  the r a d ia l d irec­
t io n  (th e se  spacings being determined by how t ig h t ly  a lter n a te  la y ers  o f  
gauze are wrapped) and even ly  spaced along the a x is  o f  rotation^ (2 )  
spokes r a d ia tin g  from th e a x is  o f  r o ta t io n  caused by the f ib e rs  o f  one 
la y er  being in  con tact w ith the f ib e r s  in  an adjacent la y er  (spacing  
unknown)| (3 ) c y lin d r ic a l rods or ien ta ted  co—a x ia l ly  w ith  the a x is  o f  
r o ta t io n , spaced e v en ly  on a fa m ily  o f  con cen tr ic  c ir c le s  (which are  
even ly  spaced), the spacings being determined by the spacing o f  the  
f ib e r  in  the gauze and the t ig h tn e ss  o f  th e  wrapping* Of these three  
system s i t  i s  seen  th a t the la t t e r  two cause the su p e r -flu id  component 
o f  Heliu m  I I  to  undergo a displacem ent due to  th e  motion o f  the f ib e r s*  
This displacem ent o f  the super—f lu id  component i s  the most s ig n if ic a n t  
d iffe r e n c e  between th e  d isk  and gauze type o s c i l la to r *  The design o f  the  
d isk  minimizes th e  displacem ent o f  super-flu id - due to  motion o f  the o s c i l ­
la t o r ,  whereas i n  the gauze t h is  displacem ent i s  inherent*
The equation o f  motion o f  a body in  an incom pressib le p e r fe c t  f lu id  
has been so lved  by Stokes*36 Lee, Huang, and Tang36 have shown th a t the
36G. G* S tok es, Trans* Com. P hil*  Soc* 8̂ , 105 (18U 3).
36T* D. Lee, K. Huang, and C* N. Yang, Phys* H ev., 106, 1135 (1957)*
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motion o f  super—flu id  i s  ir r o ta tio n a l, hence i t s  v e lo c ity  can be obtained  
from a v e lo c ity  p o te n tia l. Furthermore, sin ce a t constant temperature 
the density  ( o f  super—flu id  i s  constant, the equation o f  con tin u ity
for a p erfect f lu id  and super—flu id  should be the same. Therefore, using  
the v e lo c ity  so lu tio n s o f  the equation o f  continu ity , the k in e tic  energy 
o f the f lu id  due to  the motion o f  a body in  the f lu id  can be evaluated .
For the motion o f a sphere in  a p erfect f lu id  Page37 shows that 
th is  k in e tic  energy i s  l / k  M’V2,  where M1 i s  the mass o f  the liq u id  d is ­
placed by the sphere. Hence the presence o f  the liq u id  i s  equivalent to  
an addition o f  one h a lf  the mass o f  the liq u id  d isp laced . Therefore a 
force applied to  the body in  a p erfect f lu id  must increase the k in etic  
energy o f  the liq u id  as w e ll as th at o f  the body* I t  i s  further seen 
th a t there i s  no resista n ce  to a body moving through the f lu id  w ith con­
stan t v e lo c ity . The f lu id  moves from the front to the back o f  the moving 
body without exerting any resu ltin g  force on i t .  I f ,  however, the body 
i s  caused to acce lera te  the applied force F, must overcome a lo s s  o f  
energy to  the f lu id .  The applied force must be
F » (M + <*M») dV/dt ( I .  8)
where M* i s  the mass o f  the d isp laced  f lu id  and d  i s  a geometrical 
fa c to r . In the case o f a sphere i s  1 /2  and for a cylinder i s  1 .
I t  fo llow s then th at the in e r t ia  o f  the gauze in  Helium II  w i l l  be 
increased  by the addition o f  th is  e f fe c t iv e  mass term. This in e r t ia  i s  a 
fun ction  o f some geom etrical factor ,  a constant, and s ,  a variable  
w ith  respect to  temperature. A ll the periods o f  o s c i l la t io n  o f  the gauze
37L. Page, Introduction to  T heoretical Physics (Third Edition^ 
New York* 9 .  Van Nostrand Company, I n c .,  1902), p . 2b5>.
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below the -p o in t w i l l  be increased by th is  increase in  in e r t ia , hence 
must have th is  amount subtracted to  obtain the correct values o f  •
Unfortunately oi. cannot be ca lcu lated  due to  the in a b i l i t y  to  represent 
the gauze in  any known mathematical framework. However, a value for  
was deduced by normalizing the observed values o f a t the low est
temperature to  the values o f  xt/̂ > obtained from second sound data*
To v e r ify  the v a l id i ty  o f the above concept o f  e f fe c t iv e  in e r t ia , 
an o s c i lla to r  fo r  which the parameter <& can be ca lcu lated  has been made. 
I t  co n sists  o f  four hollow Lucite rods a ffix ed  equid istant between two
30th in  Lucite d isk s . The parameter was ca lcu lated  by Deck and Reynolds to  
have a value o f  1 . Using th is  value the th e o re tica l and the observed 
values o f  the e f fe c t iv e  in e r t ia  agreed to  w ithin  0*3$ a t l.U °K . At higher 
temperatures the dev iation  becomes approximately 20$. This d ifference i s  
always such th a t the observed in e r t ia  i s  greater than the th e o r e t ic a l.
This discrepancy i s  b e lieved  to  be caused by some contributions o f  the  
normal component o f  Helium I I  sin ce  the error increases w ith the percent­
age increase o f  the normal f lu id .  Apparently the contribution o f the 
normal f lu id  to  the e f fe c t iv e  in e r t ia  i s  a strong function o f  the degree 
o f  p erfection  o f  the normal component. Since the normal f lu id  moves w ith  
the gauze o s c i l la to r  i t  w i l l  not contribute to  the e f fe c t iv e  in e r t ia  and 
thus the above discrepancy a t  higher temperatures w i l l  not appear in  th is
36Private communication.
I I .  APPARATUS
The gauze o s c illa to r  used in  th is  experiment was made from Dupont 
Dacron gauze. The sheet o f  gauze was cut in to  seven s tr ip s , 1 by ?2 
in c h e s . These s tr ip s  were wound onto a spindle machined from a so lid  
Lucite rod. The spindle was 3/8  inch in  diameter and 1 inch lon g . I t  
had a l / l f t  inch hole d r ille d  1/8 inch deep in  one end and the remaining 
part o f  the rod was d r ille d  out to a diameter o f  l/U  inch . The end o f  
the f i r s t  s tr ip  was glued to  the spindle w ith Duco cement and allowed to 
dry. The layers were t ig h t ly  wound onto the spindle in  such a manner that 
the ends o f su ccessive s tr ip s  overlapped for  two or three tu rn s. Thus the 
fin ish ed  r o l l  behaved as i f  i t  were ro lled  from one continuous s tr ip  o f  
gauze. The end o f  the la s t  s tr ip  was sewed with Nylon thread to  the body 
o f  th e .r o l l  o f  gauze. The fin ish ed  r o l l  had a diameter o f  1—1/2 in ch es.
The other o sc illa to r  used consisted  o f  four Lucite columns sym­
m etr ica lly  placed between two th in  Lucite d isk s . (Figure l ) .  The columns 
were machined from 1/1* inch so lid  Lucite rods • They were d r ille d  out 
w ith a number one d r i l l  to  a depth o f  1—31/32 inches and cut o f f  leaving  
a closed  end 1/32 inches th ick  a t one end. Two Lucite disks were machined 
down on a face p late  to  a thickness o f  0.01 inches with an overa ll 
diameter o f  1—1/2 in ch es. A 3/32 inch hole was d r ille d  in to  the center o f  
each disk  w hile i t  was on the face p la te . This assured a center for the  
o s c i l la to r .  A j ig  was constructed to  hold these p ieces in  place while  
they  were being assembled. The j ig  was a so lid  brass rod which had been 
turned down and faced o f f  in  a la th e . While the p iece was s t i l l  in  the 
la th e  a l / h  inch  hole was d r ille d  in  i t s  center and a 1,38 inch c ir c le  was
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in scrib ed  around th is  center* Four h o les were la id  o f f  and d r i l le d  equi­
d is ta n t around th is  c ir c le *  The o s c i l la to r  was assembled by p lacin g  the  
four Lucite columns in  th ese  four h o le s , a  1/h  inch s t e e l  rod which had a 
3/32 inch  diameter t ip  on one end in to  the center hole and centering a 
disk  on th is  tip *  The center rod flo a ted  in  the center hole allow ing the  
disk  to come in to  contact w ith the ends o f  the columns* The ends o f  the  
columns were coated with Ethylene d ich loride and a s l ig h t  pressure applied  
to  the disk welded these p ieces together* After allow ing to  dry for  2U 
hours th is  part o f  the o s c i l la to r  was removed from the j ig  and held  in  
place by applying a coat o f  s i lo  cone vacuum grease to  the disk and 
p ressing  i t  onto the machine f la t*  The remaining d isk  was centered onto 
the p osition ed  columns and welded on as in  the previous manner* The weld 
between the open end o f  the columns and the disk was reinforced  by severa l 
app lication s o f  a so lu tio n  o f  Lucite d isso lved  in  ethylene dichloride*
This was to  insure mechanical strength and a super f lu id  t ig h t  sea l*
The suspension system, Figure 2 , was designed to  allow  height 
adjustment to  compensate for  a change in  the len gth  o f  the suspension  
f ib e r  and to  allow  a zero adjustment* The height adjustment (A) i s  a 
knurlled brass knob f i t t e d  onto a l / 8  inch brass rod th at has the lower 
end threaded* This rod (fi) passes through an O-ring se a l (C) in  the zero 
adjustment (D) which i s  tapered and ground—Ln to  f i t  a g la ss  column which 
houses the suspension fib er*  Onto the end o f  rod (b) i s  screwed and 
soldered an adaptor (C) to  hold one end o f  the suspension fib er*  The 
adaptor (G) i s  machined from a l / k  inch brass rod* I t  has a 3/16  inch  
hole d r ille d  perpendicular to  the a x is  and has a tapered hole down the  
center w ith the large end o f  the taper term inating in  the s id e  o f  the 3 / l6
XL
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inch hole and the small end terminating at the lower side o f the rod. A 
tapered plug f i t s  in to  the tapered hole and has a small hole d r illed  co­
a x ia lly  in  i t *  One end o f  the suspension fib er  i s  threaded through th is  
hole . The fib er  i s  held down the sid e o f the tapered plug and the plug 
i s  forced in to  the tapered ho le . This securely holds the fiber and allows 
rapid assembly o f the suspension system. The suspension fib er  was a No.
1*6 n ickel w ire, 1*0 cm. in  length* The lower end was b u ilt  up by crimping 
a short section  o f  n ickel hypodermic needle onto the f ib e r . This end o f  
the suspension fib er  was glued with Duco cement in to  the cylinder that i s  
the upper part o f the mirror holder (H). This holder was cut and formed 
from 0.02 inch thick aluminum f o i l .  I t  was rectangular in  shape and had 
both ends formed in to  short cylinders* Onto the front of th is  holder was 
cemented a back-surfaced mirror with a piece o f needle across i t s  top, 
the needle length being equal to the width of the mirror. Into the bottom 
cylinder o f  the holder (H) was cemented a 3/32 by 18 inch g la ss rod (F).  
Onto the lower end of the g lass rod the o sc illa to r  was centered and 
cemented with Duco cement*
The o sc illa to r  to be used was aligned onto the rod to  minimize 
s t ir r in g  o f  the liq u id  helium* This alignment was done a fter  the sus­
pension system was hanging free in  the g lass column o f  the cryostat* The 
o sc illa to r  was placed with i t s  centering hole co -a x ia lly  below the end of 
the g lass rod stuck in to  the centering hole o f  the o sc illa to r*  The two 
were cemented in  place with Duco cement and allowed to  s e t  while in  th is  
position*
The princip le  part o f the cryostat, (Plate I )  was a lev e lin g  p la t­
form* This was machined from a l /h  inch brass sheet in  the form o f a 10 
inch eq u ila tera l triangle* Leveling screws were placed a t each corner*
18
P l a t e  I
19
To the top o f  th is  platform  were soldered three f lu e s  • On the in sid e  o f  
the center f lu e  were cut two O-ring grooves. These grooves, f i t t e d  with  
proper O -rings,  formed the gLass-to-m etal se a l between a g la ss  column and 
the platform . This column was 18 inches long, 12 mm. O.D. and had one end 
beveled to  f a c i l i t a t e  easy  in ser tio n  in to  the O-ring seal* Two inches 
above th is  beveled end, a short pyrex sid e arm was attached. This sid e  
arm terminated in  a 1 inch flange which was ground f l a t .  To th is  f l a t  
surface a 1 inch round o p tic a l f l a t  was cemented w ith Glyptal cement form­
ing  the window for the suspension m irror. The upper end o f  the column was 
tapered to  receive  the tapered zero adjustment knob o f  -the suspension  
system .
On e ith e r  s id e  o f  th is  column, a flu e  was soldered . During an 
experimental run a high pumping-rate mechanical vacuum pump was attached  
to one o f  these f lu e s  with a th ick  walled rubber vacuum hose. A se c tio n  
o f  th is  hose was con str icted  between the jaws o f  a modified machine v is e .  
This v ise  was r e b u ilt  to  be con tro lled  by a Selsyn raotor-generator system  
through a two to  one reduction gear d r iv e . This allowed remote controlled  
changes in  the s iz e  o f  the co n str ic tio n  o f  the tube. The s iz e  o f th is  
co n str ic tio n  determined the ra te  a t  which helium vapor was removed from 
the helium bath. In th is  way the pressure o f  the vapor above the liq u id  
helium was regu lated . Vapor pressures were measured with a mercury f i l l e d  
closed-arm manometer connected w ith a rubber vacuum hose to  the other 
f lu e  on the e ry o sta t. An o i l  manometer containing O cto il ltSH was a lso  
connected in to  th is  l in e  to  measure very low p ressu res. By referr in g  
these measured vapor pressures to  a s e t  o f Mond vapor pressure ta b le s , the 
temperature o f  the liq u id  helium was determined.
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To minimize m echanically induced v ib ration s in  the suspension sys­
tem and to  enhance the p o s s ib i l i t y  o f  no s h i f t  in  the zero se tt in g  o f  
the o p t ic s , a pair o f  Helmholtz c o i ls  were used to  s ta r t  the o s c i l la to r  
swinging. These Helmholtz c o ils  were wound on Fhenolite forma o f  1* inch  
diameter w ith approximately 20 turns o f  No. 28 enamel coated copper wire* 
The c o i ls  were centered about the mirror and separated from each other by 
a distance o f  1 -1 /2  inches* S ix  v o lts  D.C* were connected through d .p .d .to  
reversing sw itch which would permit a d e flec tio n  in  e ith er  d ir ec tio n .
This feature was extrem ely u sefu l for stopping the o s c i l la to r  system for  
zero adjustments and to  determine i f  the system was being driven mechan­
ic a lly *
An is o la t io n  p a r titio n  and rad iation  sh ie ld  was attached to  the  
underside o f  the le v e lin g  platform . This p a r tit io n  con sisted  o f  a per­
forated  Pyrex flange sea led  onto a 12 by 1 inch Pyrex tube* The sm all 
end was further reduced and attached to  the extension o f  the center flu e  
by a loose  f i t t in g  aluminum support. Two th ick  f e l t  washers s l ig h t ly  
greater in  diameter than the inner diameter o f  the helium fla sk  were 
sewed to  the perforated flange • An aluminum washer was placed on the top  
o f  the f e l t  washers and acted as a rad ia tion  sh ie ld . This p a r tit io n  
helped to  remove im purities from that part o f  the liq u id  helium in  con­
ta c t  w ith the o s c i l la to r  during an experimental run.
A liq u id  helium f la sk  was attached to the underside o f  the platform  
w ith an 0 -r in g  s e a l .  The f la sk  had a 81* cm* 0.D* and a 70 cm. I .D . and 
was 55 cm* deep* A cork spacer taped to the bottom o f  the f la sk  per­
m itted i t  to  be supported by the n itrogen  flask *  The n itrogen  f la sk  was 
held  in  p lace by a platform  which was attached to  the le v e lin g  platform .
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This arrangement allowed the en tire  cryostat to  be moved as a s in g le  
r ig id  u n it,
A dual purpose o p tica l system was constructed to measure o sc illa to r  
periods and amplitudes sim ultaneously. Two galvanometer l ig h t  sources 
were mounted with a galvanometer sca le  on a movable carriage. The 
carriage was track mounted on a heavy frame which could be raised  or 
lowered. The carriage i t s e l f  could be adjusted horizontally  with a screw. 
The lig h ts  were operated on separate DC sources to help elim inate noise  
in  the timing c ir c u it . The l ig h t  used for amplitude measurements had the 
image o f  i t s  hairlin e focused by a 1 meter lens onto the sca le  affixed  to  
the movable carriage. An adjustable s l i t  was mounted in  front o f  the 
other l ig h t  and i t s  image was focused onto the s l i t  system o f a photo­
m ultip lier tube by means o f  the same 1 meter lens • This s la t  system o f  
the photom ultiplier tube was made by mounting a pair o f razor blades at 
each end o f a machined aluminum cylinder. The insid e o f the cylinder was 
painted with Aquadag to minimize r e flec ted  l ig h t .  The s l i t s  were ad­
justed by in sertin g  a fee ler  gauge between both se ts  o f s l i t s  a t the same 
time and moving the blades together for a t ig h t  f i t .  This spaced both 
se ts  o f  s l i t s  and aligned one s e t  with the other in  one operation. This 
s l i t  system was then f i t t e d  t ig h t ly  in to  a cylinder placed before a win­
dow o f  the photomultiplier tube housing. The complete assembly was l ig h t  
t ig h t  through the s l i t  system. The s l i t s  were adjusted to  0,05 cm, for 
the c o llec tio n  o f  most o f the experimental data and the image o f  the s l i t  
from the lig h t  source had a maximum width o f  0 ,1  cm,
A timing system was designed to  count and to  time the periods o f  
the o sc illa t io n s  o f the o sc illa to r s  used in  these experiments. The 
mirror attached to the suspension system o f the o sc illa to r  re flec ted  the
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image o f  the illum inated adjustable s l i t  onto the s l i t  system o f a photo­
m ultip lier tube as described above# As the image o f  the s l i t  traversed  
the photomultiplier s l i t  system the resu ltin g  pulse had the shape and 
length o f the in te n s ity  p r o file  o f  the image moving re la tiv e  to the fixed  
s l i t #  Therefore the length o f the pulse was a function o f the v e lo c ity  
o f the o sc illa to r#  However, since the photomultiplier system was not an 
in tegrating  device, the amplitude o f the pulse was not v e lo c ity  dependent* 
Thus i t  was possib le to  time the period o f  the o sc illa tio n s  by a device 
that was activated by a predetermined voltage lev e l o f  the leading edge 
o f  pulses le s s  than 2 seconds in  length# A block diagram of the timing 
system i s  shown in  Figure 3# The length o f pulses to  be timed was 
extended in  la ter  experiments by using a su itab le D#C, am plifier in  place 
of the A#G. am plifier in  the pulse shaper#
The negative pulses from the photom ultiplier tube had an amplitude 
o f  the order o f  0 .1  v o lt which was a function o f  the in te n sity  o f the 
l ig h t  source, s l i t  width and dynode voltage on the tube# These pulses 
were amplified and inverted in  the f i r s t  three stages o f the amplifier#
The amplitude o f  the pulses at th is  point could be varied by a volume 
control, making i t  p ossib le  to  f ir e  a neon glow tube a t a predetermined 
voltage le v e l  o f  the pulse# The pulse from the glow tube was then shaped 
and matched to  the gate control c ircu it*  The c ir c u it  diagram for the A*C* 
am plifier and pulse shaper are shown in  Figure 1* and sim ilar diagrams for 
the f*G# am plifier, pulse shaper and power supply are shown in  Figures $ 
and 6*
The gate control c ircu it  was a modified, T-61, model 222 counter 
which was rewired to  count the individual swings o f the l ig h t  across the 
photom ultiplier tube, Figure 7 . I t  was used in  the follow ing manner*
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The f i r s t  swing produced a pulse which was stored in  the counter, the 
second swing was stored and caused the la s t  m ultivibrator to  f l ip  to  the  
on p o sitio n  producing a p o s itiv e  swing to  the gate s ig n a l. The next 
second, fourth or s ix th  preselected  number o f  swings o f  the l ig h t  were 
storedf the th ird , f i f t h  or seventh pulse r e sp e c tiv e ly  flip p ed  the m ulti­
vibrator, turning o f f  the gate s ig n a l. This produced a square gate 
sign a l o f  len gth  equal to  the time in terv a l o f  one, three or seven com­
p le te  periods o f  the o sc il la to r  c ir c u it .
This gate sig n a l removed the negative bias from a tube in  the gate 
c ir c u it .  This tube had a standard pulse generator connected to  i t s  grid  
and a glow tran sfer  counter (model 162A, Atomic Instrument Company) con­
nected across i t s  p la te . When the bias was removed the counter counted 
the pu lses from the standard pulse generator for the duration o f  the  
gating p u lse .
The pulse generator was a "Low Frequency Standard” model 100D, 
Hewlett Packard* The pu lses were produced by a cry sta l controlled  o s c i l ­
la to r .  The cry sta l was maintained a t  a constant temperature which 
contro lled  the frequency to w ith in  2 parts per m illio n  per week.
I I I .  PROCEDURE
The o sc illa to r  to be used in  a particu lar experimental run was 
attached to  the suspension system as described e a r lie r . I t  was visually- 
checked w hile o s c i l la t in g  to determine i f  i t  was aligned c o -a x ia lly .
This alignment was necessary- to prevent the outer surfaces o f the gauze 
o sc illa to r  and the surfaces o f the d isk  o sc illa to r  from st ir r in g  the 
liq u id  helium. After the o sc illa to r  was properly aligned the inner helium  
fla sk  was put in to  p o s itio n  on the cryostat and held in  place by the outer 
nitrogen f la s k . The inner fla sk  was then sealed  onto the platform with an 
O-ring s e a l .  A charcoal trap was attached to  one o f the platform flu es  
with a short section  o f  th ick  w all vacuum hose. To the other flu e  an ion  
gauge, a thermocouple gauge, an o i l  manometer and a Welch Duo-eeal vacuum 
purnp were attached with rubber vacuum tubing.
The inner helium fla sk  was evacuated and the pump hose was clamped 
o f f .  The system was then checked for leaks by observing the rate  o f r is e  
o f  the o i l  manometer. I f  the leaking rate  was small the charcoal trap 
was reactivated  by heating i t  w ith a gas burner while the system was being 
pumped ou t. After th is  outgassing process was completed the trap was 
allowed to  cool to  room temperature and the system was evacuated to the 
low est pressure possib le  with the mechanical vacuum pump. The pump was 
then clamped o f f  from the system, leaving the thermocouple gauge, the ion  
gauge, the cryostat and the charcoal trap as an in te g ra l u n it . The char­
coal trap was immersed in  a Dewar fla sk  f i l l e d  w ith liq u id  nitrogen to  
further decrease the pressure o f  the system. The ultim ate vacuum
2 9
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p o ssib le  was a t  the point where the pumping rate  became equal to  the 
leak ing rate* The pressure was determined w ith the thermocouple gauge 
u n t i l  the range o f th is  instrument was exceeded. At th is  point the 
thermocouple gauge was clamped o f f  and the ion  gauge c ir c u it  was switched
on. The pressure f in a l ly  a tta ined  in  the system was determined to  be
- a
1 x 10 cm* o f  Hg«
The next step  in  the procedure was the alignment o f  the o p tica l  
system. The o p tica l frame was placed one meter in  front o f the cryostat  
window. The mirror o f  the suspension system was adjusted w ith the zero 
adjustment u n t i l  i t s  fron t surface was approximately p a r a lle l to  the win­
dow surfaces* The o p tic a l frame and sca le  carriage were then adjusted  
u n t i l  the r e f le c te d  beam o f  the amplitude measuring l ig h t  source was 
approximately centered on the perpendicular to  the galvanometer scale*  
Then the period measuring l ig h t  source was adjusted u n til  the image o f  
i t s  s l i t  f e l l  on the s l i t  system o f  the photom ultiplier tube* The f in a l  
adjustment o f  the o p tic a l system was then made by adjusting for maximum 
s ig n a l from the photom ultiplier tube* The negative D.C* output pulse  
from the photom ultip lier tube was displayed on a Dumont o sc illa scop e*
With the suspension mirror stationary* the photom ultiplier tube and i t s  
l ig h t  source were adjusted for maximum D.C, s ig n a l on the scope.. At th is  
poin t a l l  adjusting devices were locked in  place and th is  p o s itio n  was 
designated as the reference point or zero p o s itio n  o f  the suspension  
system*
The o s c i l la to r  was rota ted  from the zero p o s itio n  by passing  
current through the Helmholtz co ils*  the amplitude o f  the o s c il la t io n s  
depending on the duration o f  the current in  the c o i l s .  With the o s c i l ­
la to r  in  motion* the period tim ing system was s e t  up* With the gate
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control c ir c u it  pulse o f f ,  the Mas le v e l  was s e t  u n til  the amplitude o f  
the one k ilo cy c le  sign a l from the standard pulse generator was reduced 
to  some fra c tio n  o f the amplitude necessary to tr igger  the glow trans­
fer  counter# Then with the gate control pulse on, the amplitude o f the 
one k ilo cy c le  sign a l was checked to see i f  i t  was approximately the same 
fraction  above the minimum amplitude necessary to trigger the glow trans­
fe r  counter* When the s ig n a l was reduced by approximately the same 
fraction  below cutoff w ith the gate control pulse o f f  as i t  waB above the 
cu to ff point w ith the gate pulse on, the gate c ir c u it  was considered to  
be at optimum adjustment*
After the o p tica l system was zeroed and the gating c ir c u it  adjusted, 
the A.C* am plifier pulse shaper c ir c u it  was adjusted so that a shaped 
pulse was produced each time the image o f the ligh ted  s l i t  traversed the 
s l i t  o f  the photom ultiplier tube* I f  the system was properly a ligned , 
the maximum of the pulse produced by the photom ultiplier tube coincided  
w ith the zero p o s itio n  o f the suspension system*
The maximum height o f  the am plified pulse a t the f in a l  stage o f  the 
A«C* am plifier was s e t  to  correspond to the voltage le v e l  a t which the  
Ne $1 neon tubes discharged* This caused the discharge o f  the Ne £ l  neon 
tubes to occur a t the peak o f the input p u lse . This adjustment was qu ite  
c r i t ic a l  and the accuracy o f  the timing device depended upon how c lo se ly  
the peak o f the pulse from the A.G. am plifier corresponded to the f ir in g  
voltage o f  the neon tubes* This f ir in g  p o sitio n  was continuously  
monitored w ith the Dumont scope during a run and r e se t  when necessary* 
When th is  adjustment was s a t is fa c to r i ly  completed, the timing c ir c u it  was 
ready to  time the periods o f  the o sc illa to r *
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An experimental run was made to  determine the period and the log­
arithmic decrement of each o f  the o sc illa to r s  a t the minimum pressure 
obtainable in  the system* The o sc illa to r  was deflected  with the Helm­
h o ltz  c o ils  in  such a manner as to  cause a large amplitude on the scale*  
The timing c ir c u it  was started  and individual periods were timed* Care 
was exercised to  always s ta r t  the clock with the l ig h t  traversing the 
s l i t  in  the same d irection . Simultaneously* amplitudes were recorded for  
severa l swings o f  the o sc illa to r*
A fter the completion o f  such a vacuum run* dry helium gas was 
admitted in to  the cryostat r a is in g  the pressure to atmospheric pressure* 
The charcoal trap was removed and the th ick  walled vacuum hose to the 
primary mechanical vacuum pump was attached to  the flu e  o f the platform* 
The system was then flushed out with more dry helium, leaving a charge 
at atmospheric pressure in  the cryosta t. The hose was closed by the  
rem ote-controlled v i s e .  Liquid nitrogen was admitted in to  the nitrogen  
fla sk  to  precool the system* The pressure was maintained at atmospheric 
pressure by le t t in g  in  more helium as the system cooled* When no further  
decrease in  pressure could be observed, the system was assumed to  be 
precoolod*
To perform the liq u id  helium experiments, the cryostat was f i r s t  
f i l l e d  with liq u id  helium from a storage tank* A transfer tube from the 
storage, tank was inserted  through the other flu e  on the platform . When 
the transfer was complete, the ion  gauge was l e f t  o f f  and the vacuum hose 
was connected d ir e c t ly  from the flu e  to  the secondary vacuum system*
This secondary vacuum system was l e f t  open to atmospheric pressure to  
allow  the helium vapor to  escape from the cryosta t. The primary vacuum 
pump was started  and the v ise  opened u n t i l  a pressure decrease was noted
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In the mercury manometer o f  the secondary vacuum system* This system was 
then iso la te d  from the atmosphere and the pressure in  the cryosta t regu­
la te d  by the remote controlled  v is e .
The pressure was slow ly reduced by opening the c o n str ic t io n .o f  the  
v ise  u n t i l  the low est pressure obtainable was reached. At th is  low tem­
perature the o p tica l and e le c tr ic a l  systems were r e se t  as described above 
for a vacuum run. Amplitudes and periods fo r  the o s c i l la to r  being used  
were recorded for several d ifferen t pressures corresponding to  severa l 
d ifferen t temperatures between the low est temperature p ossib le  for  the  
system and the Appoint. U sually i f  there was enough liq u id  helium  
remaining a fter  data a t  the above temperatures were obtained, the pres­
sure was reduced again . This second reduction in  pressure u su a lly  
resu lted  in  a lower temperature in  the system than was obtained from the 
f i r s t  pressure red uction . Data a t  th is  lower temperature were taken and 
i f  necessary, data a t higher temperatures were repeated.
Once the data for  a given o s c i lla to r  were taken the apparatus was 
allowed to  warm up and the inner fla sk  was removed and re-evacuated.
IV, DEVELOPMENT AND DISCUSSION OF THEORETICAL ASPECTS
The equations used for the determination o f  the r a tio  o f  the normal 
den sity  o f  the to ta l  density  (/> jj/ / 9 ) were derived from the c la s s ic a l  
equations for  the motions o f  a damped harmonic o sc illa to r*  Torsional 
o sc illa to r s  (such as the gauze o sc illa to r  designed for th is  e3q?eriment) 
which are subjected to v e lo c ity  dependent damping forces can, in  general, 
be described by the follow ing d iffe r e n tia l equation,
I  -  + L IfL  + K *  « 0 , (IV. 1)
dt2 dt
where I  i s  the moment o f  in e r t ia  o f the o sc il la to r , d2** /d t2 i s  the
angular accelerations at any in stan t, L i s  a constant determined by the
damping and K i s  a constant determined by the restor in g  torque o f  the
suspension fiber* This equation can be rew ritten as fo llow s:
cx ♦ 2 K + cd*<x. *  o, (IV* 2)
by defining the constants in  equation IV* 1 as
2K ** L /l and 602 « K /l,
The general so lu tion  for an o sc illa to r  described by equation IV* 2 i s
j [ t ---------- -------------
*  -  C e s in  ( |u>2 -  K® t )  (IV. 3)
i f  K2 < 602 .
Equation IV* 3 shows that the system vibrates with a continually  
decreasing amplitude * With farther s im p lifica tio n  i t  can be shown th at  
the periods, 6  ,  between successive swings o f  the o sc illa to r  can be 
w ritten  as
0 * 2  f t  /  l ^ - K 2 * (IV* h)
3k
3$
I f  there i s  no damping (as in  a vacuum) then K ■ 0 and
<9 - 2  fT /o >  .  (IV. $)o
I t  fo llow s from equations IV. 3j IV. U and IV. 5 that  
^ n / ^ n  + l ^ e ^  ,  where
$  *  2K f f  /  -  K» (IV. 6)
and oin i s  the amplitude o f  the n^11 swing o f  the o sc illa to r  and $ i s  
the logarithm ic decrement. Therefore,
6 j e  « 2 fT /  JUtra  ♦ (IV. 7)
or
0 *  *  ( 1 + 5 7 U  ff s)"* £  » (IV. 8)
Thus by measuring the change in  amplitude o f  the damped system o f the log ­
arithmic decrement can be determined. The value o f  the logarithmic 
decrement and the period o f  the damped system can be used to  determine the 
period o f  the undamped system from equation IV. 6 . These corrected  
periods (hereafter defined as 0  for sim p lic ity ) were then used in  equa­
tio n  IV. £ as
0 m 2 ttJT/k
or simply as
0 * * 0 1  * (IV. 9)
Thus a change in  the moment o f  in e r t ia  o f the system was observed as a 
change in  the period o f  the o sc illa to r *  (The moment o f  in e r t ia  o f  the 
gauze o s c i l la to r , I 0,  referred to  the moment o f  in e r t ia  o f  the o sc illa to r  
in  vacuum*) In  liq u id  Helium I I  below the A -p o in t the to ta l  moment o f  
in e r t ia  as ca lcu lated  by equation IV. 9 can be expressed as a sum o f  four 
d iffe re n t moments o f  in e r t ia ,
I  -  I 0 * ^  » <IT- 103-
wile re I0 I s  the moment o f in ertia  of the system in  -vacuum, I T i s  the
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moment o f in e r t ia  o f the volume o f  normal f lu id  contained between and 
moving the fib ers  o f the o sc illa to r*  Ip i s  the moment o f  in e r t ia  due to  
the layer o f  liq u id  Helium clingin g  to  the outer surface o f  the gauze 
o s c illa to r  and Ig  i s  the e ffe c t iv e  moment o f in e r t ia  contributed by the 
super-flu id  component o f liq u id  Helium th at was displaced by motion of the  
ind ividual fib ers  o f  the gauze o sc illa to r*
The moment o f  in e r t ia , Ip , can be obtained by ca lcu la tin g  the 
moment o f in e r t ia  due to  a layer o f  liq u id  Helium o f thickness P/2 on the 
outer surfaces o f  the o sc illa to r*  The penetration depth, P, i s  defined as
P -  (IV. 11)
where ?? i s  the normal v is c o s ity  and the normal density  o f  liq u id  
Helium* Ip can be expressed as shown in  Appendix I I ,  in  terms o f  geo­
m etrical constants obtainable by ca lib ration  as
Ip " f *  ( AP + BP® ) * (IV* 12)
The moment o f  in e r t ia , I v,  i s  obtainable by in tegrating  J r z dm 
over the volume o f  the o s c il la to r  and i s  ju st
I v -  i /a  (^ P N V ) r® -  V*/>N * (IV. 13)
Here V i s  the volume o f the o sc illa to r  excluding the volume o f  the f ib e r s .  
The equation for the e ffe c t iv e  moment o f  in e r t ia , Ig , i s
I * . -  £ < * v "  r [ -  E/C.b (IV. lU )
where i s  a geometrical factor determined by the shape o f  the body. I t  
has been shown to have a value o f  1 for a cy lin d rica l body rotating a t  a 
distance r  about the ax is o f  r o ta tio n .39 V1f i s  the volume o f  the sum o f  
the in d iv idu al fib ers that cause a displacement o f  the medium through
39W. Deck and J . M, Reynolds, private communication.
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which they move* Ig  i s  the e f fe c t iv e  in e r t ia  due to  the sum o f  the e f ­
fe c t iv e  masses o f  n f ib e rs  a t  a d istance r^ from the ax is  o f  rotation*
Su b stitu tin g  equation IV* 10 in to  equation IV. 5 we obtain for  the  
period o f  the gauze o s c i l la to r  a t  any temperature below the A —point,
Q * « C ( I 0 + I v + Ip + I E ) .  (IV . 15)
At the A -p o in t equals zero, hence Ig  equals zero and equation IV. 15 
becomes
e\ -  c d 0 ♦ i v + i p ) .  ( iv .  16)
A A
Combining equations IV. 15, IV. 16 and IV . 9 to  e lim in ate  the constant C
and I Q we obtain:
>2 -  ^ 2
2 ,3
& “  & ts -  Jv  * I p * I B (IV. 17)
^  V  S
Using the d e f in it io n , * f-*  s  > an(* usual assumption that
■ 0 a t the A -p o in t, equation IV. 17 becomes, a fter  su b stitu tin g  for  
I v,  Ip , and Ig  th e ir  d efin ing  equations, one obtains
g 3 -  61 .  Ps (v *  AP ♦ BF2 ) ^  (E )_______________
ex - el pen * bi5) pen * &>+ b^)
" 1  f 's J P  * T f a / p  • (1V‘ 185
S u bstitu tin g  y£>g ■ y ^ ~ y^N ■̂n'*JO equation IV* 18 and reso lv in g  for
/f* We
 1----- ( — — -  X ) *  .  (IV. 19)
u - t )  ( e » -  e\ J P
From the d e fin it io n  o f  Y in  equation IV. 18 i t  i s  seen th a t i t  i s  a con­
sta n t whose value i s  determined by the e f fe c t iv e  in e r t ia  c o e f f ic ie n t  £ , 
geom etrical constants V*, A and B and the penetration depth a t the A — 
p o in t, P .  X i s  a function  o f  the penetration depth inherent in  the Ip
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40term. Andronikashvilli neglected th is  term in  a s im iliar  derivation for
and showed that the error resu ltin g  from th is  omission was le s s  
than 3%» Neglecting Ip in  the above derivation  for P"&/P would be the
same as replacing X by 1 in  equation IV. 19. Y would be a d ifferen t  
constant dependent prim arily on the value o f the e ffe c t iv e  in e r tia  
c o e ff ic ie n t , E.
The ca lib ra tion  o f the gauze system to obtain the values for X and 
Y i s  discussed in  Appendix I I .
The column o sc illa to r  was used to experim entally v e r ify  the e f ­
fec tiv e  in e r t ia  concept as used in  the treatment o f the data obtained with 
the gauze o s c i l la to r . The e ffe c t iv e  in e r tia  i s  the analogue o f the e f ­
fe c tiv e  or "virtual" mass as treated  by Stokes?1 He treated  the case o f  
symmetrical objects moving through non—viscous, irro ta tio n a l, incompress­
ib le  f lu id s  and found th at the e f fe c t  on the motion o f  the object through 
the f lu id  by the presence o f  the f lu id  was the equivalent o f  adding to the 
mass o f the object and additional mass. This additional mass was pro­
portional to  the mass o f  the displaced f lu id .  This e ffe c t iv e  mass i s  a 
consequence o f the k in e tic  energy imparted to  the f lu id  as w ell as to  the 
body when a force i s  applied to the body. The k in etic  energy imparted to  
the f lu id  i s  derivable from the components o f  the v e lo c ity  o f the f lu id  
p a r t ic le s • The v e lo c ity  components can be obtained from the hydro- 
dynamical equation o f continu ity  i f  the motion o f  the f lu id  i s  irro ta— 
t io n a l, non—viscous and incom pressible.
4°A ndronikashvilli, 0£ .  c i t . ,  10, 201. 
41Stokes, o£. £ i t . ,  8̂  10f>.
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Recently, Lee, Huang and Yang43 have shown that the motion o f  the 
Helium flu id  as a whole should exh ib it the c la s s ic a l dynamics o f  an
incom pressible, irr o ta tio n a l, non—viscous flu id* The model presented by 
them i s  based upon quantum mechanical arguments describing the low tem­
perature properties o f a d ilu te  Bose system o f  hard spheres* They have 
shown that the k in etic  energy  o f  the super-flu id  flow can be represented
v e lo c ity  p o ten tia l cj) * I t  i s  shown that the momentum o f the super-flu id
equals 2 V <f) and from c la s s ic a l  mechanics the curl o f  Vg i s  id e n t ic a lly  
zero, therefore, Vg i s  irro ta tion a l*  Therefore, i t  i s  assumed that the 
e ffe c t iv e  mass concept carries over exactly  for  the super—flu id  component* 
Strong experimental evidence i s  presented to show that the normal com­
ponent a lso  exh ib its a s im ilia r  e ffe c t iv e  mass term.
The d e ta ils  for the ca lcu la tion  o f the e ffe c t iv e  raa3s, hence the 
e ffe c t iv e  in e r t ia  for the column o sc illa to r  have been worked out by Deck
* A
and Reynolds, and th e ir  f in a l  equations are given below*
The e ffe c t iv e  in e r t ia , due to  an e ffe c t iv e  mass, M', a t a 
distance, r c,  from the ax is o f ro ta tion  i s
For the column o s c i lla to r  the value o f the e ffe c t iv e  mass, considering a 
bath o f  f in i t e  dimensions, i s
by
dt (IV* 20)
in  which dt represents an incremental box* v  4  i s  the gradient o f  the
i s  equal to  VcJ> per p a r t ic le . Therefore, from equation IV. 20, Vs
(IV. 21)
Lee, Huang, and Yang, o£ . c i t *. 106, 1135*
43Deck and Reynolds, op.  c it*
M' « l|h^>g fTa8 ( 1 + 2 ) (IV. 22)
where
(IV. 23)
and h i s  the height o f the columns, a i s  th eir  radium, r c i s  the distance  
from the column to  the ax is o f ro ta tio n  and b i s  the radium o f  the Helium 
f la sk .
Substituting values for the above geometrical constants corrected  
for thermal contraction o f Lucite in to  equation IV. 22 gives
The determination o f the values for Ip for the column o sc illa to r  
are discussed in  Appendix I .
The agreement found between the th eo re tica l and experimental 
values for  the e ffe c t iv e  in e r tia  i s  good, p a r t i c u l a r ly  a t the lower 
temperatures.
(IV. 2k)
Experimental values for Ig were obtained by su b stitu tin g  the 
measured period, £  ,  in  vacuum and a t various temperatures below the A—
point in to  equation IV. 9* Thus
el (IT . 25)
and
e 8 - o  ( i 0 + i p + i e  ) . (IV. 26)
Then
(IV. 27)
V, DISCUSSION OF THE DATA OBTAINED FROM THE EXPERIMENT
la  Data o f  the Column O sc illa to r t Calculated and experimental data ob­
tained using the column o s c illa to r  are tabulated in  Appexdix III*  Values 
fo r  the e f fe c t iv e  in ertia*  Ig* were compared w ith three p ossib le  models 
representing the th e o re tica l e f fe c t iv e  in e r t ia .  One model for  the  
th e o r e tic a l e f fe c t iv e  in e r t ia  assumes that the column o s c i lla to r  i s  o s c i l ­
la t in g  in  a bath o f  l iq u id  Helium I I  o f  in f in i t e  extent* thus elim inating  
any boundary e f fe c t s  due to  a containing v e s s e l .  This equation for  Ig i s  
redefined to  be
I E - l* f iu 7 5  f(a * )  f> a + (a  + P / 2 .  (V. l )
The f i r s t  term on the r ig h t s id e  o f  the above equation gives the e ffe c t iv e
in e r t ia  due to  the super-rfluid density* and the second term the e ffe c t iv e
in e r t ia  due to  the normal d en sity .
The th e o re tica l values for the e ffe c t iv e  in e r t ia  obtained using  
equation V. 1 were p lo tted  and compared w ith experimental e f fe c t iv e  in e r t ia ,  
IEx> where
i j k  -  i „  C a  7  e  ” - i ) - / b  •  ( v * 2 )
A value o f  85 was used for A in  the above equation . The resu ltin g  curve 
i s  shown in  Figure 8 ,
Another model for  the th e o re tica l e f fe c t iv e  in e r t ia  can be expressed
ass
XE -  I 5 .i i9 0 /> a + 15U*75 / > N £ (a  ♦ P/2 f
+ 0,259 (a + P /2 )4 ]  ,  (V, 3)
This model assumes a bath o f  liq u id  Helium I I  o f  f in i t e  dimensions and
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equation V. 3 includes the correction  fo r  the boundary e f f e c t .  In Figure 
9 the experimental values o f  the e f fe c t iv e  in e r t ia , I ^ ,  as obtained 
using equation V* 2 and the th e o re tica l values o f  IE obtained using equa­
tio n  V# 3 were p lo tted
The models presented above assume th a t the flow l in e s  orig in ate  and 
terminate on the surface o f  the liq u id  Helium film  (o f  thickness P /2) which 
c lin g s  to the surface o f  the o sc illa to r *  This assumption has been shown by 
Prandtl44 to be v a lid  for the case where the Reynolds number i s  l e s s  than 
u n ity , i .e *  R < 1 ,  where R i s  defined as the usual way to  be
R ~ VMr / V ? N  • ^
Vj{ i s  the maximum v e lo c ity  o f  f lu id  flow across the surface a t some point 
on the o s c i l la to r  and r  i s  the distance from th is  point to  the curi.3 o f  
rotation*
In the column o s c i l la to r  experiment, however, the Reynolds number 
i s  much greater than one, hence i t  may be more correct to  assume th at the 
flow l in e s  or ig in ate  and terminate a t the actual surface o f  the o sc illa to r *  
This assumption would exclude any contribution  to  the e ffe c t iv e  in e r t ia  by 
the “c lin g in g  film " and equation V*3 would be modified to  read
I E •  1 ( />  B ♦ /  V *  J° # (V*
The curve representing th is  th ird  model i s  shown in  Figure 9 , where a con­
sta n t value o f  0*lli3 for  the to ta l  d en sity , ,  was used in  equation V# 5* 
Figure 10 i s  a p lo t  o f  the e f fe c t iv e  in e r t ia , I g,  due to  the super- 
f lu id  d en sity , g,  o f  liq u id  Helium I I ,  and o f  the experimental values o f  
the e f fe c t iv e  in e r t ia ,  I j^ , obtained using equation V* 2 and a value o f
44L . Prandtl, E ssen tia ls  o f  F lu id  Dyamica, (New York* Hafner 
Publishing Company, 195^)» P* lS6*
\Bx (A  = 8 5 )
lE (F rom  Equat ion V . 3 )  
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200 for  A9 I t  can be seem th a t the contribution to  the e ffe c t iv e  in e r tia  
by p g alone cannot account for the observed values o f  Ig  a t  higher ■tem­
peratures* However agreement i s  good a t  the lower temperatures where 
p  jj becomes small*
I t  i s  concluded that the agreement between values o f IE and Ig^ as 
shown in  Figure 8 i s  fortu itous sin ce the agreement depends prim arily on 
the assumptions th at the "clinging film" contributes to  the e ffe c t iv e  
in e r t ia  and that there are no boundary e f f e c t s .  From Figures 9 and 10 i t  
i s  concluded that the contribution by the su p er-flu id  density , p ^ ,  to  
the e ffe c t iv e  in e r tia  i s  in  ex ce llen t agreement with theory* This agree­
ment excludes the p o s s ib i l i ty  o f  a contribution to  the e ffe c t iv e  in e r t ia  
by the cling in g  layer* Therefore, the model represented by equation V* f>
i s  suggested as the b est choice o f  the three p ossib le  models.
Data o f  the Gauze O sc illa to r : Two gauze o s c i l la to r s ,  designated
number 1  and number 2 , were used to obtain the period and amplitude data 
tabulated in  Appendix III*  These o sc illa to r s  had approximately the same 
dimensions but no attempt was made to make them id en tica l*  Since the data 
obtained from o sc illa to r  number 2 were taken over a greater range o f  tem­
perature they were used from the evaluation o f  the geometrical factor Y in
the equation redefined ass
1 < e l  - r ftp  • ( t .  w
To ca lcu la te  p ^ j p  for  these o sc illa to r s  i t  was necessary to  obtain a 
value for  Y* This was done by su b stitu tin g  the value o f  @ z — 0  * /
Q  ® — 0  * obtained a t the low est temperature, T » 1 ,388PK, with
U7
o sc illa to r  number 1  and the value o f  p ^  f p  obtained from Peshkov*s4B 
second sound data at the same temperature in to  equation V* assuming 
X *  1 , The value o f  T was found to be 0*llU3«
A p lo t o f  the uncorrected data obtained w ith o sc illa to r  number 2 
and the values o f  p ^  / p  obtained from Peshkov*s second sound data i s  
shown in  Figure 11* I t  can be seen th at the uncorrected data obtained 
with the gauze o sc illa to r  agrees with the second sound data near the A— 
point but disagrees quite s ig n if ic a n tly  a t lower temperatures. The higher 
values o f  the uncorrected data at the lower temperatures are due to the 
contribution o f the e ffe c t iv e  moment o f in e r tia  o f the super—flu id  com­
ponent o f liq u id  Helium II  to the moment o f  in e r t ia  o f  the system. This
increase in  in e r t ia  subsequently increases the period, thus the ra tio
2 2 # 2 2
0  — Q . /  6?, — Q • Since there i s  no contribution o f  theO A q
normal component o f liq u id  Helium in  the gauze o sc illa to r  the two curves 
should approach one another (as i s  shown in  Figure 11) near the \ — 
p oin t, where the percentage o f super—flu id  approaches zero.
Figure 12 shows a p lo t o f the corrected data (using equation V. it) 
obtained using o s c i l la to r  number 1 and o sc illa to r  number 2* Also p lo tted  
on th is  same Figure i s  the data obtained by Dash and Taylor. 46 The 
agreement o f the data obtained from the two gauze o sc illa to r s  i s  j u s t i ­
f ic a t io n  for  using th is  type o s c i l la to r .  The agreement between the data 
obtained with the gauze o sc illa to r s  and that o f  Dash and Taylor in  the 
temperature range shown in d ica tes the p o te n t ia lity  o f such o sc illa to r s  at
46V« P . Peshfcov, J . Phys. U.S.S.R . 10, 3&9 ( l 91*6).
46
Dash and Taylor, op. c i t . ,  105* 7
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lower temperatures* Here the e f f ic ie n c y  o f  the gauze o s c i l la to r  becomes 
s ig n if ic a n t ly  greater than that o f  the disk type o sc illa to r *
Figure 13 i s  a p lo t  o f  lo g  versus lo g  T /  T  ̂,  where
i s  the temperature at the A -p o in t. The slope o f  th is  curve i s  the value 
o f  the exponent <5~ in  the equation
/ % / p  -  < i A > l r  .  <v. 5)
This p lo t  gives a value for o f  5*7* This compares favorably to the 
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APPEXDIX I 
CALIBRATION OF THE COLUMN OSCILLATOR
The column o s c i l la to r  was ca lib rated  in  d iffe re n t gasses to  deter­
mine the geom etrical factors A and B in  the equation
Ip * p A F  + BP2 (1)
where Ip i s  th e  moment o f  in e r t ia  due to  the la y er  o f  the l iq u id  medium 
which c lin g s  to  the su rfaces , p  i s  the d en sity  o f  the medium, and P i s  
the penetration  depth* To carry out t h is  ca lib ra tio n  a twelve l i t e r  f la sk  
was adapted to  be used on the c ry o sta t. For a l l  gases and pressure  
ranges used the expression
Ib _z_a l (2)
was f u l f i l l e d  (where b i s  the radius o f  the container, a i s  the radius o f  
the o s c i l la to r  and P i s  the penetration  depth)* This was necessary to  
reduce the e f f e c t  o f  the container w alls to  l e s s  than 1% as had been shown 
by Bash and Taylor♦X
With the tw elve l i t e r  f la s k  in  p la c e , the charcoal trap was 
attached to  one o f  the f lu e s  o f  the cry o sta t w ith a th ick  w alled vacuum 
tube* The charcoal trap was rea ctiv a ted  by heating and pumping o f f  the 
l ib e r a te d  gas* A fter reaching the u ltim ate vacuum p o ss ib le  with- the  
mechanical vacuum pump, the pump was clamped o f f  and the charcoal trap  
immersed in  l iq u id  nitrogen* The vacuum obtained was determined w ith  an 
ion  gauge* O sc illa to r  period and amplitude data were taken a t th is
XJ* G* Dash and R* D* Taylor, Phys* Rev* 105>, 7 (!? £ ? ) .
$$
pressure, and were designated as the vacuum data. Next, one o f  the gases 
was admitted in to  the f la sk  u n t il  the pressure was s l ig h t ly  above atmos­
pheric pressu re. The charcoal trap and ion gauge were removed, A clamped 
o f f  hose was placed on one o f  the f lu e s  and the secondary vacuum system  
was attached to the other* The system was then flushed out w ith the gas 
to remove traces o f  a ir , e t c ,  which might have been admitted during 
removal o f  the charcoal trap ,
A charge o f  gas was l e f t  in  the cryostat and a fter  the pressure, as 
measured w ith the c losed  arm mercury manometer, had reached equilibrium , 
i t  and room temperature were recorded. O sc illa to r  period and amplitude 
data were recorded a t th is  pressure and temperature, Sind l ia r  data were 
taken a t  other pressures below atmospheric pressure and a t room temperature0 
Argon, Nitrogen and Freon 12 were the gases used in  the c a lib ra tio n . 
At room temperature, i , e ,  26° C, Argon and Nitrogen were above th e ir  c r it ­
i c a l  temperature, therefore the values o f  d en sity  could be ca lcu lated  
from S ,T ,F , v a lu es . For Freon 12, however, values o f  den sity  were calcu­
la ted  using the second v ir ia l  c o e f f ic ie n t .
V isc o s ity  values as given in  the Handbook o f  Chemistry and Physics8 
were extrapolated to  the temperature o f  the experiment. They were not a 
function  o f pressure in  the pressure range used.
The penetration depth, P, was ca lcu lated  for each gas at the  
d iffe r e n t pressures by
p « | ( 3)
I * />
2Handbook o f  Chemistry and P hysics, Chemical Rubber Publishing C o,, 
19$0 (Thirty-Second E dition ) Pp. 1835-1839.
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where & i s  the period o f the o s c i l la to r , i s  the v is c o s ity  o f the 
medium and p  i s  the d en sity  o f the gas.
The periods were corrected by viscous lo s s  by the expressions
1 * 8 (k)
Ufl- * /
where 6  i s  the measured period and S i s  the logarithmic decrement o f the 
o s c i l la to r . Values o f  A and B were then determined from the experimental 
date as fo llow s:
e\ “ K1o <s>
where &Q i s  the corrected period in  vacuum and I Q i s  the moment o f  
in e r t ia  o f  the o s c i l la to r  and K includes the constant o f the suspension. 
Then
9 2 -  K (IQ ♦ I p) (6)
where 0  i s  the period in  gas and Ip i s  the added moment o f in e r tia  due 




Substitu ting ( l )  in to  (7) we obtain
AP + BP® .  (8 )^  ( e * ~  0 ?
a
S ettin g




AP + BP2 , (10)
A p lo t  o f  -ip versus P and "VVP versus P i s  shown in  Figure I—1*
The graph o f  •V'/P versus P i s  seen to  be a s tr a ig h t lin e«  The in tercep t  
g ives the value fo r  A and the slop e the value o f  B, This gives a value  
o f  200 for  A and —30 for  B,
Using the concept o f  e f fe c t iv e  in e r t ia  for  the gas, s im ilia r  p lo ts  
as above give a value o f  180 for A and -60 for  B, In e ith er  case the 
value o f  Ip due to  the c lin g in g  la y er  o f  l iq u id  Helium i s  not co n sisten t  
w ith a ca lcu la ted  value using geom etrical methods fo r  evaluating A,
Using geom etrical methods the value o f  A i s  n eg lec tin g  terms in  
P2 and h igh er . This value was found by adding the moments o f  in e r t ia  o f  
the in d iv id u a l su rfaces o f  the column o s c i l la t o r .  N eglectin g  the BP2 
term due to sm all values o f  P in  liq u id  Helium, the moment o f  in e r t ia  
due to  the c lin g in g  f i lm  becomes
and th e  moment o f  in e r t ia  due to  layers o f  Helium on the four columns i 3
From geom etrical considerations the moment o f  in e r t ia  due to the d isk  
surfaces becomes
I pc -  It fr  h Pa (r ca + a2 ) • (13)
The t o t a l  moment o f  in e r t ia  i s  the sum o f th ese  two or
(lit)
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N eglecting P2 and higher order terms and su b stitu tin g  in  corrected  values 
o f  R, a , r c and h in to  equation ( lii)  g ives  
I p  »  ^  P X 85 »  p  PA 
therefore  A ■*= 85*
The large  d iscreptancy in  the values o f  A obtained by the two d i f ­
feren t methods o u tlin ed  above cannot be s a t i s f a c t o r i ly  explained . I t  i s  
p o ssib le  th at the data for the gas ca lib ra tio n  were wrongly interpreted*  
For example, a t lower pressures the penetration  depth became larger  than 
the d istan ce between adjacent columns and in  some in stan ces greater than 
the d istan ce between the disks* At such penetration  depth the actu a l mass 
o f  gas, hence the in e r t ia ,  becomes le s s  than the predicted  values and 
equation ( l )  above for  Ip becomes erroneous* Also i t  i s  p o ssib le  th a t  
w ith penetration  depths l e s s  than were p o ss ib le  with our system the curve 
/ P  versus P could have a p o s it iv e  slope thus in tercep tin g  the ordinate  
a t  a sm aller value than that obtained*
The value o f  A 21 85 gave the b e st  co rre la tio n  between observed and 
th e o r e tic a l values o f  e f f e c t iv e  in e r t ia .  This corre la tion  i s  con sisten t  
w ith  other observations on e f fe c t iv e  mass$ in  p a r ticu la r , those made by 
Birkhoff4 in  an ap p lica tion  o f  e f fe c t iv e  mass to  the i n i t i a l  acce lera tion  
experienced by a sp h erica l hydrogen balloon  in  air* This i s  co rr ec tly  
pred icted  from the e f fe c t iv e  mass concept to be 5 g /3 . B irkhoff further  
predicted  th a t even in  dense v iscous l iq u id s  such as water the e f fe c t iv e  
mass concept would s t i l l  be valid* Therefore, i t  seems plausable that
4S* B irkhoff, Hydrodynamics, York, Ba.: Princeton U n iv ersity  P ress,
1950, Pp. 152-3 .
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the normal component o f  l iq u id  Helium would obey th is  e f fe c t iv e  mass 
concept 9 For i t  to  do so the b est co rre la tio n  requires th a t one choose 
the value o f  85 for A*
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Experimental data for the ca lib ra tio n  o f  the column o s c i l la to r  to
determine the geom etrical constants






































APPENDIX II  
CALIBRATION OF THE GAUZE OSCILLATOR
The gauze o s c illa to r  was ca lib rated  in  the same manner as the 
column o sc illa to r *  Gaseous Helium and Argon were used and the necessary 
data were obtained using the twelve l i t e r  fla sk  as before* The data 
obtained from the two gases a t room temperature and varying pressures 
were used as fo llow s;
e% -  k i 0 U)
e* -  k ( i 0 ♦ i v + i p ) (2)
where as usual, B Q i s  the corrected period obtained in  vacuum, I Q i s  the 
moment o f  in e r t ia  in  vacuum and I v i s  the moment o f in e r t ia  due to the 
mass o f  gas contained in  the volume, V, o f  the gauze excluding the volume 
o f  the f ib e r s ,
I v 1 /2  p  VR2 = p  V' . (3)
Ip i s  the moment o f  in e r t ia  due to the contribution o f  the layer o f  Helium
on the outer surface o f  the gauze* As before
Ip « ^  ( AP + BP®) .  (I )
0  i s  the period o f  the o s c i l la to r  in  the gas*
Combining ( l )  and (2) to  elim inate K we obtain
lo I T + Ip -  p  (V> + AP + BP2)  .  (S)
Again defin ing
e'' -  1 ] *  *= V' + AP + BP3 • (6 )
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seen these r e su lts  are not s ig n if ic a n t . This i s  probably due to the 
necessary in c lu sio n  o f  the p  V* term. In  a gas the p  V1 term i s  not 
meaningful because o f  the sorbed gas on the surfaces o f  the fib e rs  in  the 
gauze o s c i l la to r  and would on ly  be s ig n if ic a n t  i f  th is  factor could be 
accounted fo r . At low pressures a condition  i s  approached where the
V  term becomes e s s e n t ia l ly  a function o f th is  sorbed gas term on ly .
An attempt was made to ca lib ra te  the system in  a l iq u id , thereby 
elim inating the unknown contribution o f  the surface e f f e c t .  An examina­
t io n  o f  the ava ilab le  data for  v is c o s ity  and d en sity  as a function o f  tem­
perature v ir tu a lly  elim inated any o f the usable liq u id s  except water.
Water a t 26° C. (room temperature) was placed in  the small Dewar f la s k .
At th is  temperature the penetration depth was approximately 0.32 cm.
Again the condition
> i,
was met to reduce the e f f e c t  o f  the w a lls  to  le s s  than 1% (see Appendix I ) .  
The Dewar was used to help elim inate thermal conduction in  the w ater.
When temperature equilibrium  was reached, the e lec tro n ic  system was s e t  up 
and a run was attem pted. I t  was found th a t the system was nearly  c r i t ­
i c a l l y  damped and there was too much mechanical v ibration  in  the system to  
obtain r e lia b le  r e s u lt s .  More elaborate temperature control o f  the water 
plus a d iffe re n t suspension system would be necessary to  ca lib ra te  the 
system in  w ater.
A and V1 were subsequently evaluated from geometrical considerations 
to  be 39*8 and 31* r e sp e c t iv e ly . These values were obtained by n eg lec tin g  
the BP2' and higher order terms o f  P as fo llo w s . The moment o f  in e r t ia  
due to the c lin g in g  layer  on the outer surfaces i s  the sum o f  two p a rts ,
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one part, Ip^, i s  the sura o f the moments o f  in e r t ia  o f  two disks o f radius 
R and the other part, Ipc> i s  the moment due to a cylinder o f  radius R and 
height h , where R i s  the radius and h i s  the height o f the gauze. Thus 
I p AP -  2 Ipd ♦ Ip c (7 )
or
Ip^> *  AP -  2 ^ /s (P /2  x TTR2) ]  R2 + f fh  |(R + P /2)2-fc2 } R2 .
(8 )
From th is
A » fTR3 (r/ 2 + h) « 39*8 (?)
V1 was determined from the d e fin itio n
• ■ V* -  i /a  V R2 (10)
where V was the volume o f  the r o l l  o f  gauze minus the volume o f  the f ib e r s .  
This volume was found to be 2/3 the actual volume V«j o f  the r o l l  o f  gauze 
determined by submersion o f  the r o l l  in  ether in  a graduated cylinder*  
Therefore
V* » i / 2 V R2 » 1/ 2 (2/3 VT) R2 -  1 /3  VT R2
« 1/3  ITh ( R2 -  r2 ) R2 » 3k (11)&
where r8 i s  the radius o f  the sp ind le that the gauze was wound onto.
S u bstitu tin g  these values o f  A and V* in to  the d e fin it io n  for X we 
obtain a value for  X o f l . l l h  a t 1.351i°K.
V* + AP 
X " V1 + apa
X i s  1 by d e f in it io n  a t the A -p o in t • Therefore, X changes by 3.0% in  
the temperature range o f  1.35>lt°K to  the A "point.
66
Experimental data for the ca lib ration  o f the gauze o sc illa to r  to determine 
the geometrical constants V* and A:
X lO -^ g/m l) <92 P (cm.) -*£/l
Argon Gas: (V isco sity  = 22,6 x 10*"6 poise)
1,60 1131.582 133.6 1.23 108.6
1 .35 1126.139 111.7 1.33 8 3 .9
0,87 1122.786 1 2 9 .2 1.66 77.8
0 .3 0 1118.768 218.6 2.83 77.2
Helium Gas: (V iscosity ® 87.1 x 10"*\ • \ poise;
0.162 1118.1*31* 381.1* 2.27 168.0
0.1^2 1118.903 1*71.1 2.1*3 193.5
0.128 1118 .I4.3I+ 1*82.8 2.57 188.2
0.127 1117.565 1*05.5 2.58 157.5
0.097 1118.768 679.0 2.96 229.0
0.038 1117.161* 1230.0 i*.71 261.1
0.017 1116.362 2232.1 7.08 3 l5 .lt
APPENDIX I I I
TABULATED EXPERIMENTAL AND CALCULATED DATA FOR 
THE COLUMN AND GAUZE OSCILLATORS IN LIQUID HELIUM
A ll symbols used in  the follow ing tabulations have 
been defined in  Chapters IV and V*
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Tabulated data to determine values o f e ffe c tiv e  in e r tia  for the column type o sc illa to r  in
liq u id  Helium l i t
T°K 0 A P a P S
1.351* 26.321* 0.0076 0.1371* 0 .11*88 0 .080 2.138
1.1*85 26.1*11 0.0121* 0.1326 0.101*9 0 .098 2.063
1.501 26.395 0.0150 0.1300 0.0900 0 .090 2.023
1.561* 26.1*37 0.0200 0.12*0 0.0802 0 .100 1.91*5
1.6*6 26.1*96 0.0260 0.1190 0.0676 0.122 1.852
1.870 26.669 0.05U5 0.0905 0.01*67 0 .1 5 0 1.1*08
1.952 26.71*8 0.0680 0.0770 0.01*33 0.166 1.198
2.01*8 26.906 0.0890 0.0560 0.01*02 0.262 0.871
2.100 27.031 0 .1070 0.0380 0.01*00 0.270 0.591
2.11*3 27.235 0.1270 0.0180 0.0399 0.277 0.280
2.177 27.389 0.11*50 0.0000 0.01*53 0.293 0.000
Vacuum 22.1*75
Data comparing th eoretica l and experimental values o f e ffe c t iv e  in ertia  for the column type
o s c illa to r  in  liq u id  Helium II*
T°K Ig(Eq. V.3) I E(Eq. EL) Ip(A«200) Ip(A=85) IEx(A=200) H CD vn
1.351* 2.3112 2. 2521* 0.225 0.096 2.108 2.237
1.1*85 2.3198 2.2596 0.260 0 . 1 1 1 2.126 2.275
1.501 2.3218 2.2611 0.270 0.11*8 2.106 2.228
1.561 2.3358 2 . 2501* 0.320 0.136 2.082 2.265
1.656 2.31*33 2.279U 0.351 0.11*9 2.086 2,288
1.870 2.3920 2.3159 0.309 0.216 2.233 2.326
1.952 2.1*057 2.3351* 0.589 0.250 2.001 2.339
2,0148 2.1*1*26 2.3658 0.715 0.301* 1.961* 2.371*
2,100 2.1*536 2.3825 0.855 0.361* 1.901 2.393
2 .H43 2.1*776 2.1*378 1.012 0.1*31 1.869 2.1*52
2.177 2.5861* 1.311* 0.558 1.661* 2.1*20
Determination o f  jD  •
S *  " S o
T°K G _«;■ fk ! f>
For gauze o s c i lla to r  one:
1.1*72 33.81*1* 0 .1 8 6 3 0.0812
1.567 3lt.l87 0.2280 0.128!*
1,631 31*. 1*1*0 0.2580 0.1622
1.680 31*. 667 0.2860 0.1938
1.751* 35.110 0 . 31(12 0 .2 5 6 2
1.355 36.168 0.1*750 0 . 1*072
2.008 37.216 0 .6 1 2 0 0,5619
2 .091* 38.376 0.7670 0.7369
For gauze o s c illa to r  two:
1 .3 8 8 31*.832 0.1751* 0.0689
1.1*69 3 5 .0 1 6 0 .1 9 8 0 0.091*5
1 .5 0 0 35.131* 0 . 2121* 0.1107
1.561* 35.308 0 . 2181* 0.1175
1.593 35.533 0 .2 6 1 8 0 .1 6 6 5
1 .6 6 6 35.813 0.2969 0.2062
1.699 35*599 0.3203 0 .2 3 2 6
1.750 36.253 0.3521* 0 .2 6 8 8
1.865 37.01*8 0.1*51*5 0 . 381*1
1.903 37.323 0.1*903 0.1*21*5
1.91*7 37.721 0 . 51*26 0.1*836
1.999 38.231 0.6105 0 .5602
2 . 01*8 38.782 0.681*8 0.61*1*1
2 .0 9 6 39.1*50 0.7763 0.71*71
2.171* 1*1.037 1 .0 0 0 0 1 .0 0 0 0
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